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Nodal and BMP2/4 Signaling Organizes the
Oral-Aboral Axis of the Sea Urchin Embryo
While patterning along the animal-vegetal axis, which
is regulated primarily by the Wnt/-catenin pathway, is
reasonably well understood, much less is known regard-
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Lydia Besnardeau, and Thierry Lepage*
UMR 7009 Centre National
de la Recherche Scientifique ing specification and regionalization along the other
main axis of polarity which runs from the mouth (oral)Universite´ Pierre et Marie Curie
Observatoire Oce´anologique to the opposite (aboral) side of the larva. Oral-aboral
polarity is first recognizable morphologically at the gas-06230 Villefranche-sur-Mer
France trula stage. The radially symmetrical larva begins to flat-
ten on the presumptive oral side and acquires a bilateral
symmetry. At the same time, the primary mesenchymal
cells (PMCs) start to form two clusters, one on each sideSummary
of the presumptive oral ectoderm, and the archenteron
start to bend toward the oral ectoderm to which it willIn the sea urchin embryo, the oral-aboral axis is speci-
fied after fertilization by mechanisms that are largely eventually fuse to form the stomodeum. At the pluteus
stage, the oral and aboral ectoderm territories are wellunknown. We report that early sea urchin embryos
express Nodal and Antivin in the presumptive oral ec- limited and separated by a belt of cuboidal ciliated cells
called the ciliary band. The oral ectoderm territory willtoderm and demonstrate that these genes control for-
mation of the oral-aboral axis. Overexpression of nodal give rise to the larval mouth and to neural ganglia within
the facial ectoderm, while the aboral ectoderm will differ-converted the whole ectoderm into oral ectoderm and
induced ectopic expression of the orally expressed entiate as a squamous epithelium that will cover most
of the body of the larva.genes goosecoid, brachyury, BMP2/4, and antivin.
Conversely, when the function of Nodal was blocked, Since the famous experiment of Driesch in 1892, it
is known that, unlike the animal-vegetal axis, the oral-by injection of an antisense Morpholino oligonucleo-
tide or by injection of antivin mRNA, neither the oral aboral axis is not firmly established in the early embryo
at the 4-cell stage (Driesch, 1892; Horstadius, 1973).nor the aboral ectoderm were specified. Injection of
nodal mRNA into Nodal-deficient embryos induced an This was demonstrated by the ability of each blastomere
of the four-cell stage embryo to give rise to a miniatureoral-aboral axis in a largely non-cell-autonomous
manner. These observations suggest that the mecha- larva with a normal oral-aboral axis when isolated. That
the oral-aboral axis is established during the cleavagenisms responsible for patterning the oral-aboral axis
of the sea urchin embryo may share similarities with period was confirmed by classical experiments of Ho¨rs-
tadius on Paracentrotus lividus, which indicated thatmechanisms that pattern the dorsoventral axis of
other deuterostomes. any early specification is labile and easily reversible up
to the 16-cell stage (Ho¨rstadius, 1936). Finally, experi-
ments of lineage tracing indicate that there is no consis-Introduction
tent relationship between the orientation of the first
cleavage plane and the oral-aboral axis in different spe-Understanding the mechanisms responsible for specifi-
cation of the main axes of polarity of the embryo has cies (Jeffery, 1992).
So far, the events responsible for determination oflong been a central question in developmental biology.
In most bilaterian animals, one primordial axis of polar- the oral-aboral axis of the embryo have been largely
enigmatic. There is evidence that as early as the eight-ity, the animal-vegetal axis, is present in the egg, while
the embryonic anterior-posterior, dorsal-ventral, and cell stage, cytochrome oxidase activity is higher in the
prospective oral blastomeres than in the other blasto-left-right axes are specified after fertilization. In embryos
in which the dorsal and ventral regions are not easily meres and that the oral side has a higher respiration rate
than the aboral side (Czihak, 1971; Horstadius, 1973). Itrecognized, such as sea urchin embryos, the denomina-
tion “oral-aboral” is used to define the axis running from is possible to bias the orientation of this axis by treating
the mouth region to the opposite side. embryos with inhibitors of respiration or by keeping em-
Sea urchins are nonchordate deuterostomes, and this bryos in tight clusters (Coffman and Davidson, 2001).
position among the invertebrates makes them an inter- So far, only a few genes have been shown to be involved
esting group to study the mechanism of axis specifica- in the early events leading to specification in oral-aboral
tion and the evolution of developmental mechanisms. axis. One of them codes for the Goosecoid homeo-
The unfertilized sea urchin egg is polarized along the domain-containing transcription factor which is ex-
animal-vegetal axis, and both classical and modern pressed on the oral side starting at the blastula stage,
studies have shown that specification of the main cell where it is thought to repress aboral fates (Angerer et
lineages of the larva relies on a combination of inherited al., 2001). The other important gene is the signaling
maternal information and inductive interactions be- factor BMP2/4, member of the TGF- superfamily. Like
tween early blastomeres (Davidson et al., 1998; Brand- goosecoid, BMP2/4 is expressed on the oral side, but,
horst and Klein, 2002; Angerer and Angerer, 2003). intriguingly, BMP2/4 promotes specification of aboral
fates when overexpressed (Angerer et al., 2000). This
result suggests that BMP2/4 either antagonizes an oral*Correspondence: lepage@obs-vlfr.fr
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promoting factor or that it diffuses outside its domain as well as a conserved pattern of cysteins that consti-
tutes the hallmark of TGF-s (Kingsley, 1994; Hogan,of expression to induce aboral fates.
We study the Nodal signaling pathway, which is impli- 1996). Moreover, the sea urchin Nodal-related protein
has the same inductive activity as the Nodal-relatedcated in the regulation of goosecoid expression in verte-
brates. Like BMP2/4, Nodal belongs to the TGF- super- proteins from zebrafish and can induce sox17 and
brachyury when overexpressed in zebrafish embryosfamily and binds as a dimer to receptors with serine
threonine kinase activity. This leads to the activation (data not shown), establishing that it belongs to the
Nodal family (Erter et al., 1998; Feldman et al., 1998).of Smad2 and Smad4, which are translocated into the
nucleus where they associate with cofactors such as Southern blot experiments (data not shown) indicated
that, in sea urchin, nodal is likely a single copy gene asFoxH1/FAST1 and activate the expression of target
genes such as goosecoid and brachyury (Schier and it is in ascidians.
When the whole sequence of sea urchin Nodal wasShen, 2000; Whitman, 2001). The activity of the Nodal
signaling pathway can be modulated by a negative feed- used for comparison, the closest sequences were the
Nodal proteins from ascidians (Morokuma et al., 2002)back mechanism which relies on the secretion of com-
petitive inhibitors of Nodal, the Antivin/Lefty proteins, and amphioxus (Yu et al., 2002), while when the compari-
son was limited to the ligand domain, the highest scorewhose expression is induced by Nodal (Juan and Ha-
mada, 2001; Meno et al., 1999; Thisse and Thisse, 1999). was obtained with the recently characterized zebrafish
protein Spaw, which has been shown to regulate left-Because Antivin/Lefty proteins have a much longer
range of activity than Nodal, it has been suggested that right asymmetry (Long et al., 2003).
The protein encoded by the lefty/antivin cDNA exhib-Nodal and Antivin/Lefty participate in formation of a
morphogen gradient by a reaction-diffusion process ited structural features of Lefty/Antivin proteins, includ-
ing the presence of two maturation sites and the lack(Solnica-Krezel, 2003).
Nodal factors play crucial roles during embryogenesis of the cystein residue required for dimerization that are
present in the other members of TGF- superfamilyof chordates. They have been implicated in a number
of developmental processes, including mesoderm and (Thisse and Thisse, 1999; Juan and Hamada, 2001).
endoderm formation and patterning of the embryo along
the anterior-posterior and left-right axes (Whitman, Nodal and antivin Are Expressed Very Early
2001; Hamada et al., 2002; Stainier, 2002). More recently, in the Presumptive Oral Ectoderm
orthologs of nodal have also been described in nonver- Northern blot analysis revealed the presence of a single
tebrate organisms such as amphioxus and ascidians nodal transcript of about 2.4 kb (Figure 2A). This tran-
(Morokuma et al., 2002; Yu et al., 2002). Based on the script was undetectable in RNA extracted from eggs,
expression pattern of these genes, it was concluded that showing that nodal is not maternally expressed. nodal
the function of nodal was conserved during evolution transcripts were first detected at a low level at the 60-cell
of chordates. However, the presence of nodal-related stage. The abundance of nodal transcripts increased
factors in nonchordate organisms has not been reported abruptly at the early blastula stage and remained ele-
to date. vated until the beginning of gastrulation, when the level
In this study, we describe the isolation of a sea urchin of nodal transcripts decreased significantly. A second
nodal gene and report that the Nodal signaling pathway phase of nodal expression occurred during the prism
plays an essential role during sea urchin embryogenesis and pluteus stages, after which the level of nodal tran-
in the establishment of the oral-aboral axis of the scripts returned to a very low level. Exactly the same
embryo. temporal expression was observed for the antivin tran-
script (data not shown), suggesting that expression of
both genes is coordinated. We conclude that both genesResults
are expressed zygotically and predominantly during the
blastula stages.Identification of nodal and antivin Family
Members in the Sea Urchin In situ hybridization confirmed the lack of maternal
nodal expression (Figures 2Ba and 2Bb). Zygotic ex-To examine whether components of the Nodal signaling
pathway are conserved in sea urchins, we used a PCR- pression of nodal could first be detected at about the
60- to 128-cell stage and intensified during later stagesbased approach with degenerate oligonucleotides
against conserved regions of Nodal and Antivin/Lefty. (Figure 2Bc). Interestingly, from the onset of its expres-
sion and up to the gastrula stage, nodal transcripts wereTwo full-length cDNAs encoding proteins related to
Nodal and Antivin were subsequently isolated by restricted in a contiguous territory, which occupied
about a third of the embryo and comprised about eightscreening a cDNA library. Comparison of the sequence
of the sea urchin nodal with sequences present in EMBL to ten rows of cells at the blastula stage (Figures 2Bd
and 2Be). Double labeling with probes for nodal and forand Genebank databases revealed significant similarity
with several members of the Nodal subfamily from vari- the PMC-specific marker skeT/Tbx1 (Figure 2Bf), or the
endoderm marker vega (Figure 2Bj), showed that nodalous species (Figure 1A). The sea urchin protein dis-
played all the conserved features of Nodal proteins, transcripts are excluded from the mesoderm and endo-
derm precursors as well as from the animal pole territory.including the presence of an N-terminal signal se-
quence, a long prodomain which ends with a basic We conclude that the territory expressing nodal at the
blastula stage belongs exclusively to the presumptivecleavage site, followed by the mature ligand domain
which contains the characteristic NAF/YRCE/VG motif ectoderm. To orient this territory with respect to the
Oral-Aboral Axis Specification in Sea Urchin
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Figure 1. Structure of the Sea Urchin Nodal
(A) Alignment of the sea urchin (Paracentrotus lividus) Nodal (P.lNodal) with Nodal-related proteins from ascidians (HrNodal), amphioxus
(amphinodal), zebrafish (Cyclops), mouse (nodal), and amphibians (Xnr1); EMBL accession numbers Q8MY89, Q8I1K4, P87358, P43021, and
Q91619. Identical amino acids are printed on a black background, and similar residues are printed on a gray background. The seven conserved
cysteins that constitute the hallmark of the mature ligand are marked with asterisks. The fourth and fifth cystein of the sea urchin protein
conform to the prevalent CC motif which is replaced by CXXC in Xnr1,2,3, Squint, and Southpaw.
(B) Structure of the deduced Nodal protein sequence. The predicted protein contains a hydrophobic signal sequence (predicted cleavage
site between residues 33 and 34) and a mature ligand domain separated from a prodomain by a basic cleavage site RRRKK.
oral-aboral axis, we performed a double labeling for Nodal Expression Is Radial in NiCl2- and LiCl2-
Treated Embryos and Requires a Functionalnodal and the aboral marker gene coquillette/Tbx2/3
(Croce et al., 2003; Gross et al., 2003). As shown in Wnt/-Catenin Pathway
Several treatments have been demonstrated to perturbFigure 2Bi, the domains of expression of these genes
were found on opposite sides of the embryo and, there- the development of oral-aboral polarity of the sea urchin
larva. Treatment with NiCl2 radializes the embryo andfore, at the mesenchyme blastula, the region expressing
nodal is located on the oral side. Orientation of the converts most cells of the ectoderm toward an oral fate
(Figure 2Cr) (Hardin et al., 1992). NiCl2 is thought to actnodal-expressing cells at the gastrula stage was easier
because the oral-aboral polarity is apparent. At this during the blastula stages, but the molecular basis of
its action is not known. “Animalization” by inhibition ofstage, nodal expression was restricted to the flattened
side of the larva where the PMC clusters are located, Wnt/-Catenin signaling (Figure 2Cs) and “vegetaliza-
tion” induced by lithium (Figure 2Ct) affect germ layerwhich corresponds to the presumptive oral side (Figures
2Bk and 2Bl). specification and also produce radialized embryos, al-
though their effects on the expression of early oral orZygotic expression of antivin also started around the
60-cell stage and largely paralleled the expression of aboral marker genes has not been characterized. We
found that NiCl2 treatment caused nodal to be expressednodal in the oral ectoderm (Figure 3Bg and data not
shown). We conclude that both nodal and antivin are in a belt of cells running around the embryo at the blas-
tula stage (Figure 2Cn). Therefore, NiCl2 acts early andexpressed early in the oral ectoderm during early devel-
opment of the sea urchin embryo, and the expression upstream of nodal expression. Treatment with NiCl2 did
not induce ectopic expression of nodal in the animal orof antivin is congruent with the expression of nodal,
suggesting that Nodal regulates the expression of antivin. vegetal territories, indicating that these regions are not
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Figure 2. Spatial and Temporal Expression of nodal Treatments in Normal and Treated Embryos
(A) Temporal expression of Nodal during development. Northern blot of total RNA prepared at the indicated stages. E, unfertilized egg; 60,
60-cell stage; B1 and B3, blastula stages; SB, swimming blastula; MB, mesenchyme blastula; EG, early gastrula; G, gastrula; LG, late gastrula;
Pr, prism stage; P1–P2 pluteus stages (48 hr and 72 hr old). The blot was probed with a DNA fragment corresponding to the whole cDNA
sequence (including the UTRs).
(B) Spatial distribution of Nodal transcripts during normal development analyzed by in situ hybridization. Embryos were hybridized with an
antisense RNA probe derived from the full-length cDNA. (Ba) Unfertilized egg; (Bb) 32-cell stage; (Bc) 60-cell stage; (Bd) early blastula; (Be)
swimming blastula; (Bf) swimming blastula double stained with nodal and ske-T/Tbx1 (PMC-specific marker); (Bg) mesenchyme blastula animal
pole view; (Bh) mesenchyme blastula side view; (Bi) mesenchyme blastula double stained with nodal and coquillette/Tbx2/3 (marker of aboral
ectoderm); (Bj) mesenchyme blastula stage double stained with vega (marker of the presumptive endoderm) in blue and nodal in red; (Bk)
gastrula stage, vegetal view (note that nodal is expressed on the flattened [oral] side of the larva where the two PMC clusters are located
[arrows]); (Bl) gastrula stage, side view.
(C) Alteration of nodal expression induced by treatments as indicated. (Cm–Cp) In situ hybridization using nodal probe (Cm–Co) or nodal plus
skeT (Cp) on blastula stage embryos. (Cq–Ct) Phenotypes of 48 hr plutei, (Cm and Cq) control embryos, (Cn and Cr) nickel-treated embryos,
(Co and Cs) embryos injected with mRNA encoding N-TCF/Lef, a dominant-negative form of TCF/Lef, (Cp and Ct) lithium-treated embryos
double stained for nodal (arrow) and for the PMC specific marker skeT.
competent to respond to NiCl2 or that other factors these embryos, residual expression of nodal occurred
at the animal pole, consistent with the lack of oral/aboralcounteract its action in animal and vegetal regions. In
contrast, injection of mRNA encoding N-TCF/Lef, a polarization in these embryos.
dominant-negative form of TCF/Lef which blocks the
Wnt/-catenin pathway, caused a typical animalized Overexpression of nodal Mimics the Effects
of NiCl2 Treatment and Producesphenotype (Figure 2Cs) and prevented the accumulation
of nodal transcripts (Figure 2Co). This observation is in Phenotypes Opposite to Those Resulting
from Overexpression of BMP2/4good agreement with previous observations showing
that establishment of aboral-oral polarity critically relies Overexpression of nodal by mRNA injection into the
egg produced striking phenotypes (Figure 3A). At theon signals emanating from the vegetal region of the
embryo (Angerer et al., 2001). Finally, we found that gastrula stage, when control embryos displayed a clear
aboral-oral polarity, as shown by the bilateral arrange-lithium treatment strongly diminished the size of the
region expressing nodal, an effect that could reflect the ment of the PMCs and the flattening of the oral side
(Figure 3Aa), embryos translating exogenous nodalconversion of part of the ectoderm into endoderm (Fig-
ure 2Cp). Double labeling with probes for nodal and mRNA conserved a radial symmetry, and the PMCs re-
tained their original positions around the archenteronfor the vegetal pole marker skeT/Tbx-1 showed that, in
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Figure 3. Overexpression of nodal Disrupts Oral-Aboral Polarity
(A) Morphological defects caused by nodal overexpression. (Aa and Ab) Control embryos at the early gastrula and pluteus stages. (Ac and
Ad) Embryos overexpressing nodal. (Aa and Ac) Early gastrula stages (views from the animal pole). (Ab and Ad) 72 hr “plutei” (side views).
The arrows in (Aa) indicate the two clusters of PMCs on the oral side. Misexpression of nodal radializes the embryo (Ac) and induces formation
of a large proboscis at the animal pole (Ad). Although overexpression of nodal strongly radializes the embryos, a mouth opening (arrow in
[Ad]) was sometimes seen in these embryos.
(B) Overexpression of nodal causes oral markers to be expressed radially and eliminates the expression of aboral marker genes. antivin (Bg
and Bl), brachyury (Bh and Bm), and goosecoid (Bi and Bn) are expressed in a belt of cells (arrow) surrounding the embryo after overexpression
of nodal while expression of coquillette/Tbx2/3 (Bj and Bo) and 29D (Bk and Bp) are suppressed. The opposite effects are observed after
injection of BMP2/4 mRNA, i.e., repression of nodal (Bq), brachyury (Br), and goosecoid (Bs) (note that in the case of brachyury only the oral
domain is affected, while expression around the blastopore is maintained). Reciprocally, coquillette/Tbx2/3 (Bt) and 29D (Bu) are expressed
globally following overexpression of BMP2/4.
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Figure 4. Nodal, Antivin, and BMP2/4 Are Essential for Oral-Aboral Axis Formation
(A and F) Control embryos. (B, C, G, and H) Embryos injected with morpholino oligonucleotides directed against the 5 region of the nodal
transcript. (A, B, D, and E) Early gastrula stages, (C, F, G, H, I, and J) pluteus stages. Embryos in which translation of nodal (B, C, G, and H),
antivin (D and I), or BMP2/4 (E and J) was blocked are radialized and lack oral-aboral polarity. (A–E) Views from the vegetal pole. (F–J) Side views.
(Figure 3Ac). The absence of oral-aboral polarity was Nodal, Antivin, and BMP2/4 Are Essential
for Oral-Aboral Axis Formationeven more apparent at the pluteus stage (Figures 3Ab
and 3Ad). At this stage, the injected embryos contained To test the function of Nodal in establishment of oral-
aboral polarity, we used two independent approaches.multiple disorganized spicules and had elongated along
the animal-vegetal axis, and a prominent proboscis had First, we blocked translation of nodal mRNA by injecting
in the egg antisense Morpholino oligonucleotides di-formed at the animal pole, giving the larva the shape
of a pear. This phenotype is extremely similar to the rected against the nodal transcript. We designed two
different oligonucleotides (MO-nodal1 and MO-nodal2),radialized phenotype of embryos treated with NiCl2 (Fig-
ures 2Cr and 3Ad), suggesting that overexpression of both directed against the 5UTR leader. Injection of an
unrelated morpholino oligonucleotide used as a nega-nodal affected patterning of the ectoderm along the oral-
aboral axis. We examined the expression of goosecoid, tive control did not perturb development. In contrast,
injection of either MO-nodal1 or MO-nodal2 (2pl atantivin, and BMP2/4, whose expression is strictly re-
stricted to the oral ectoderm in control embryos (Angerer 0.5 mM) gave striking results (Figure 4). Development
of the embryos injected with MO-nodal was normal untilet al., 2000, 2001; and this work) and of brachyury, which
is expressed in the oral ectoderm and in a ring of cells the mesenchyme blastula stage, and gastrulation oc-
curred normally, but major developmental defects be-around the blastopore (Croce et al., 2001a; Gross and
McClay, 2001). In embryos injected with nodal mRNA, came apparent thereafter, and these embryos never ac-
quired any bilateral symmetry (Figures 4B, 4C, 4G, andthe expression of all four markers was dramatically in-
creased, extending all around the embryo (Figures 3Bl– 4H). The PMCs did not form bilateral clusters as they
normally do (Figures 4A and 4B), and the archenteron3Bn and data not shown). This suggested that over-
expression of nodal had converted aboral cells to oral did not bend toward one side of the embryo to form the
stomodeum (Figures 4F and 4G). These embryos laterfates. Reciprocally, expression of the aboral markers
coquillette/Tbx2/3 and 29D was abolished following developed into bell-shaped larvae in which the normally
thin squamous oral and aboral ectoderm regions wereoverexpression of nodal, suggesting that ectopic ex-
pression of Nodal could repress aboral fates (Figures replaced by an atypical thick layer of cuboidal cells
covered with long cilia which resembled the apical tuft3Bo and 3Bp).
Because BMP2/4 has been shown to promote aboral or the ciliary band of normal embryos. The ectoderm in
these circumstances thus appears to develop into afates when misexpressed (Angerer et al., 2000), we com-
pared the activity of nodal and BMP2/4 in similar experi- ciliated epithelium of cuboidal cells, which may repre-
sent a default fate in the absence of Nodal signaling.ments. As predicted, overexpression of BMP2/4 had
exactly the opposite effects of overexpression of nodal, The skeleton of these embryos was highly abnormal
with multiple entangled spicules. Regionalization of theeliminating the expression of early oral markers such as
nodal (Figure 3Bq), brachyury (Figure 3Br), and goosecoid gut into three compartments was not affected in those
embryos, but the archenteron remained straight at the(Figure 3Bs) and extending the expression of aboral
genes such as coquillette/Tbx2/3 and 29D (Figures 3Bt center of the embryo so that a mouth never formed.
Instead of incorporating into the ectoderm as they nor-and 3Bu) toward the oral side.
In summary, overexpression of nodal, like treatment mally do, the pigment cells accumulated at the tip of
the archenteron and in a ring located at the junctionwith NiCl2, promotes oral development and suppresses
formation of the aboral ectoderm, while injection of between the thick epithelium and the thinner region at
the basis of the injected embryo. This suggested thatBMP2/4 mRNA causes opposite effects.
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pigment cells could not recognize and integrate into the which is a marker of the animal plate region, and found
no difference in the regional expression of this markerectoderm, perhaps because it was improperly specified.
The second approach used to block Nodal function between control and MO-nodal injected embryos (Fig-
ures 5L and 5P), suggesting that the ectoderm of thewas to inject mRNA encoding sea urchin Antivin/Lefty,
since Antivin/Lefty proteins have been shown to act as MO-nodal embryos is regionalized along the animal-
vegetal axis and contains an apical domain.potent competitive inhibitors of Nodal in other species
(Juan and Hamada, 2001). Overexpression of antivin se- As shown above, BMP2/4, which promotes expres-
sion of aboral marker genes, is a transcriptional targetverely perturbed establishment of oral-aboral polarity
and produced phenotypes indistinguishable from the of Nodal. To understand how interfering with Nodal func-
tion in the oral ectoderm could inhibit specification ofphenotypes observed following injection of nodal mor-
pholino oligonucleotides, including the presence of a aboral fates, we tried to block BMP2/4 function by in-
jecting antisense morpholino oligonucleotides directedthick ciliated epithelium covering most of the embryo,
disorganized spicules, and lack of mouth (Figures 4D against this factor. Blocking BMP2/4 translation in the
oral ectoderm did not affect expression of nodal andand 4I). The results of these two approaches indicate
that nodal function is crucial for establishment of oral- goosecoid, confirming that Nodal is upstream of
BMP2/4 expression in the gene hierarchy required foraboral polarity.
Injection of antisense Morpholino oligonucleotides di- specification of the oral-aboral axis (Figures 5Q and
5T and data not shown). Strikingly, blocking BMP2/4rected against the BMP2/4 transcript also caused radi-
alization of the embryos, but the resulting phenotype function in the oral ectoderm eliminated the expression
of the aboral marker coquillette/Tbx2/3 (Figures 5R andwas somewhat different from that caused by inhibition
of Nodal function. At the gastrula stage, the MO-BMP2/4 5U) and 29D (Figures 5S and 5V). This result suggests
that the effects of inhibiting Nodal function in the oralembryos typically contained three to five spicules ar-
ranged along a thickened ectoderm which occupied ectoderm on the expression of aboral genes are largely
if not entirely mediated by the downregulation ofthree-fourths of the circumference of the embryos
(Figure 4E). At the prism stage, these embryos adopted BMP2/4. In the MO-BMP2/4 embryos, tubulin was ex-
pressed in the region of the vegetal pole and in thea pyramidal morphology and were covered by a thin
epithelium surrounding a straight archenteron (Fig- apical region (Figures 5W and 5Z). Inhibition of BMP2/4
function did not affect the expression of the apicalure 4J).
marker AE83 (Figures 5X and 5A) but caused an expan-
sion of the territory expressing brachyury (Figures 5YInhibition of Nodal Blocks Specification of Both
and 5B).the Oral and Aboral Territories, While Loss
In summary, in the absence of nodal, the presumptiveof BMP2/4 Blocks Only Aboral
oral and most of the aboral territories are not specifiedEctoderm Specification
properly, and these regions differentiate into a thickTo understand the molecular basis of the phenotype
epithelium that expresses some markers of the ciliaryresulting from inhibition of Nodal function, we stained
band that normally separates these territories. In con-embryos injected with MO-nodal with probes for oral
trast, in the absence of BMP2/4, the oral territory isand aboral markers. Expression of antivin, brachyury,
specified, but the aboral ectoderm does not form.goosecoid, BMP2/4, and nodal was eliminated from the
presumptive oral ectoderm in the embryos injected with
the nodal morpholino (Figures 5A–5H) and data not Nodal mRNA Can Restore Oral-Aboral Polarity
to Embryos Injected with nodal Morpholinosshown). Therefore, the oral ectoderm appears not speci-
fied in the absence of nodal. Unexpectedly, the aboral To demonstrate the specificity of the morpholinos oligo-
nucleotides directed against nodal, we performed a res-marker coquillette/Tbx2/3 was also undetectable in
these embryos, suggesting that aboral ectoderm was cue experiment in which we coinjected nodal mRNA with
the nodal morpholino. This experiment was possiblenot specified either (Figures 5I and 5M). To confirm this
conclusion, we examined the expression of the aboral because the sequence recognized by the morpholino
was not included in the synthetic mRNA we used. Whenmarker 29D, and we found that at the prism stage, 29D
was not expressed in the aboral ectoderm (Figures 5J nodal mRNA was injected into Nodal-depleted embryos
at the one-cell or two-cell stages, the oral-aboral polarityand 5N). Intriguingly, expression of 29D was detected
in the ectoderm surrounding the blastopore, indicating was not restored to a significant extent. The embryos
conserved a rounded shape like that after overexpres-that only part of the aboral ectoderm had been formed
and that oral-aboral polarity was now aligned with the sion of nodal (data not shown). We reasoned that be-
cause nodal is normally expressed in a sector encom-animal-vegetal axis. These results show that both the
oral and aboral ectoderm are not specified properly in passing about 60, injecting nodal mRNA into a smaller
territory may give a better rescue of the oral-aboral axis.the embryos injected with the nodal morpholino. We
looked at the expression of tubulin and of the 295 anti- To follow the fate of the injected cells, the morpholino
against Nodal was injected into the egg together withgen, which are both markers of the ciliary band in the
embryos injected with MO-nodal. We found that expres- a dextran coupled to rhodamine. Then, at the eight-cell
stage, nodal mRNA was injected together with a dextransion of both markers was dramatically expanded to in-
clude the whole thick epithelium that covers the nodal coupled to fluorescein. This second injection was into
one randomly chosen blastomere. The embryos weremorpholino embryos, in agreement with the ciliated na-
ture of this epithelium (Figures 5K and 5O and data not observed 2 days later by confocal microscopy (Figure
6A). While almost all the embryos injected with the nodalshown). Finally, we looked at the expression of AE83,
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Figure 5. Expression of Both Oral and Aboral Marker Genes Is Abolished When Translation of Nodal Is Blocked, While Only Aboral Marker
Gene Expression Is Abolished by Inhibition of BMP2/4 Function
Expression of antivin (A and E), brachyury (B and F), goosecoid (C and G), and BMP2/4 (D and H) disappears from the oral ectoderm in the
late blastula/mesenchyme blastula stages following inhibition of Nodal translation. Expression of nodal is also abolished in these embryos
(data not shown), indicating that Nodal is required for maintenance of its own expression. Similarly, expression of coquillette/Tbx2/3 (I and
M) is abolished, while expression of 29D at the prism stage is detected in the region of the vegetal pole (J and N). The territory replacing oral
ectoderm territory is not aboral ectoderm but a territory expressing ciliated band markers such as tubulin (K and O) and the 295 antigen (data
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Figure 6. Injection of nodal mRNA into One Blastomere at the Four- to Eight-Cell Stage Can Restore Oral-Aboral Polarity
(A) Experimental design to test for the rescuing activity of nodal mRNA.
(B) nodal mRNA rescues oral-aboral polarity. (Ba, Bb, and Bc) Morphology of live embryos. (Ba) Control 72 hr pluteus larva. (Bb) Injection of
MO-nodal in the egg radializes the larva. (Bc) Injection of 0.5 pg of nodal mRNA into one blastomere at the eight-cell stage largely restores
oral-aboral polarity and bilateral symmetry. (Bd and Be) Confocal microscopy images of 72 hr embryos injected with MO-nodal and nodal
mRNA (merged images of FLDX and RLDX labeling). (Bd) Example of a partially rescued embryo with a typical prism morphology. (Be) Example
of a fully rescued larva. Note that the progeny of the injected cell (yellow) has contributed exclusively to the oral side.
morpholinos were radialized, coinjection of nodal re- nodal mRNA was able to rescue development of both
the oral and aboral regions of the larva, suggestingsulted in about 30% of the embryos showing a substan-
tial rescue of oral-aboral polarity (Figures 6Bc–6Bd) (n that the effects of Nodal were non-cell-autonomous.
Indeed, the Nodal-expressing clones occupied only a250). In most cases, the rescued embryos had a prism-
like shape with an archenteron located on the flattened small surface on the whole ectoderm and only a portion
of the facial ectoderm and ciliary band, confirming thatoral side, one spicule on each side of the embryo, and
a more-or-less developed aboral apex. In 5%–7% of the the clone of Nodal-expressing cells had influenced adja-
cent cells to participate in formation of the oral ectodermembryos, coinjection of nodal mRNA caused a spectac-
ular rescue resulting in larvae with an almost perfect and elaboration of the aboral region on the opposite
side.pluteus morphology (Figure 6Be). Strikingly, injection of
not shown). Expression of the apical plate marker AE83 does not expand to the whole ectoderm in those embryos (L and P). Injection of a
morpholino oligonucleotide directed against BMP2/4 does not interfere with the expression of nodal (Q and T) but eliminates expression of
coquillette/Tbx2/3 transcripts (R and U). Expression of 29D is also absent in these embryos (S and V), while expression of tubulin is detected
in the region of the vegetal pole and in the apical region (W and Z). Expression of AE83 is still detected in the apical region (X and A), while
expression of brachyury expands to become almost radial in those embryos (Y and B).
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It could be argued that nodal mRNA may only rescue Starting around the 60- to 128-cell stage, expression
of sea urchin nodal is restricted to a sector of the pre-oral-aboral polarity when injected into presumptive oral
sumptive ectoderm. This makes nodal one of the earliestblastomeres and therefore that the presence of the lin-
known zygotic genes expressed differentially along theeage tracer in the oral side may reflect the presence
oral-aboral axis. We can conclude that regionalizationof a prepattern rather than demonstrate a causal link
of the ectoderm along the oral-aboral axis starts duringbetween expression of nodal and specification of the
cleavage, three cell cycles after establishment of theoral fate. However, nearly all the embryos showing
oral-aboral gradient of cytochrome oxydase activity,clones of nodal-expressing cells in the ectoderm
which is the first known molecular indice of an asymme-showed rescue of oral-aboral polarity (97%). In other
try in the embryo (Czihak, 1963). Finally, we found thatwords, we did not observe cases of embryos showing
nodal expression depends on a functional TCF/Lef fac-ectodermal expression of Nodal without showing a res-
tor and does not occur in animalized embryos coinsis-cue of bilateral symmetry. In nearly all the embryos that
tent with the known requirement of vegetal signaling forwere not rescued, nodal-expressing cells were found
polarization of ectoderm into oral and aboral regions.either in mesenchymal cells within the blastocoele or in
The early expression of nodal in the oral ectodermthe endoderm. Moreover, in these rescued embryos, the
suggested that this gene played a role in establishmentnodal-expressing cells were always found on the oral
of the oral-aboral polarity. Indeed, we found that overex-side. Because injection of nodal mRNA was random,
pression as well as inhibition of Nodal severely per-this implies that expression of nodal can influence the
turbed oral-aboral polarity. Overexpression of nodalfate of injected cells toward formation of oral ectoderm.
promoted formation of oral ectoderm, mimicking theThis suggests that not only can nodal-expressing cells
effects of nickel treatment. Examination of the expres-rescue oral-aboral polarity, but they can define the orien-
sion of several marker genes in embryos injected withtation of the oral-aboral axis as well. Taken together,
nodal mRNA showed that most of the ectoderm, exceptthese experiments show that nodal is an essential factor
for the regions of the poles, acquired characteristicsfor establishment of the oral-aboral axis and that ectopic
of oral ectoderm in response to nodal overexpression.expression of nodal in radialized embryos can specify
Reciprocally, when translation of nodal was blockedthe oral side.
with a morpholino or when antivin mRNA was injected
into the egg, no oral ectoderm formed. nodal is thereforeDiscussion
absolutely required for development of oral structures.
Unexpectedly, the aboral ectoderm also failed to form inWe have cloned and characterized sea urchin versions
nodal morpholino embryos, and in these circumstances,of nodal and antivin, two important players of the Nodal
most of the presumptive oral and aboral ectoderm wassignaling pathway. Our functional analysis has shown
replaced by a thick ciliated epithelium. We concludethat expression of Nodal is a crucial step in the process
that both oral and aboral fates require Nodal signaling,that establishes the oral-aboral axis of the embryo. We
and in the absence of nodal activity, formation of thishave demonstrated not only that nodal acts upstream
ciliated epithelium seems to be the default fate of theof several transcription factors and secreted factors im-
ectoderm. The dependence of oral and aboral genes onplicated in formation of the oral territory including
intercellular signaling is consistent with the observedgoosecoid and brachyury and BMP2/4, but that Nodal
downregulation of several ectodermal gene markers inis also required for the expression of aboral genes. We
cultures of dissociated blastomeres (Hurley et al., 1989;established that BMP2/4 acts downstream of nodal and
Stephens et al., 1989; Di Bernardo et al., 1995; Angerershowed that the effects of Nodal on the aboral ectoderm
et al., 2000, 2001).
are mediated by the regulation of BMP2/4. Based on
Our overexpression analysis with BMP2/4 showed
our data, we propose that the oral territory of the sea
that the biological activity of BMP2/4 is exactly the op-
urchin embryo contains a signaling center that behaves posite of that of nodal, promoting aboral fates and re-
very much like the organizer of vertebrates by emitting pressing oral development. Furthermore, we demon-
signals that pattern the embryo along the oral-aboral strated that BMP2/4 is a transcriptional target of Nodal
axis. and that BMP2/4, like nodal, is required in the oral ecto-
derm for formation of the aboral ectoderm. This sug-
Nodal, Antivin, and BMP2/4 Control Formation gests that the requirement for Nodal in development of
of the Oral-Aboral Axis the aboral ectoderm is largely mediated by the regula-
Nodal genes have been intensively studied in verte- tion of BMP2/4.
brates due to their essential and multiple roles in germ In vertebrates, both Nodal and BMPs are involved in
layer formation and dorsoventral patterning (Whitman, axial patterning (De Robertis et al., 2000). These two
2001). More recently, homologs of nodal have been iso- TGF- family members have been shown to have oppo-
lated in lower chordates such as amphioxus and ascidi- site effects on dorsal ventral patterning but synergistic
ans (Morokuma et al., 2002; Yu et al., 2002). Although effects during formation of the tail organizer (Agathon
their function in these organisms has not yet been estab- et al., 2003). Also, in vertebrates, BMP proteins are
lished, these genes are expressed early in the endoderm thought to act as short-range inducers (Ohkawara et al.,
and mesoderm, and therefore their function in formation 2002). It remains to establish whether, in the sea urchin
and patterning of these two germ layers may be compa- embryo, BMP2/4 diffuses far enough from the oral terri-
rable to that of vertebrate Nodal factors. The sea urchin tory and acts on a long range as a morphogen to induce
nodal gene is, to our knowledge, the first example of a aboral fates. It will also be important to examine the
gene belonging to this subfamily isolated in a non- crosstalks between the Nodal and BMP2/4 signaling
pathways (see Balemans and VanHul, 2002, for a review)chordate organism.
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Figure 7. Model for Patterning along the
Oral-Aboral Axis of the Sea Urchin Embryo
by Nodal and BMP2/4
(A) The self activation of Nodal and diffusion
of the long-range antagonist Antivin result in
formation of a gradient of Nodal activity. High
activity of the signaling pathway induces ex-
pression of antivin, brachyury, goosecoid,
and BMP2/4 and represses the expression
of aboral specific genes such as coquillette/
Tbx2/3, resulting in specification of the oral
ectoderm. BMP2/4, also produced in the pre-
sumptive oral ectoderm, diffuses outside its
domain of expression to induce aboral fates
by stimulating the expression of coquillette/
Tbx2/3 and 29D (and probably other genes).
This regulatory network was built by using
the netbuilder software available online at the
E. Davidson website: http://sea-urchin.caltech.
edu/software.
(B) Diagram of Nodal and BMP expression
patterns in the sea urchin embryo showing
that Nodal and BMPs are expressed in the
same oral territory. Note that in amphibians,
these two signaling factors are expressed in
opposite territories along the dorsal-ventral
axis.
to understand how these two TGF-s with antagonistic side of the embryo was explicitly recognized by David-
son (1989) and Slack (1991), although the nature of theactivities can be expressed in the same cells and govern
formation of the oral-aboral axis of the sea urchin signals emitted was not known.
It has been suggested that activation of the Wnt/embryo.
-catenin pathway was an ancestral mechanism used by
deuterostomes to pattern the embryo along the animal-
Microinjection of nodal mRNA Can Rescue Oral- vegetal axis (Holland, 2000). It is intriguing that several
Aboral Polarity to Radialized Embryos genes playing an important role in the activity of the
The most striking result we obtained during this study Spemann organizer in Vertebrates, including goosecoid,
was that injection of nodal mRNA into single blasto- nodal, and antivin, are also expressed in the oral field
meres at the four- to eight-cell stage could substantially of the sea urchin embryo. This suggests that the oral-
restore the oral-aboral polarity of embryos radialized aboral axis of the sea urchin embryos may share similari-
by injection of the nodal morpholino. Lineage tracing ties with the dorsal-ventral axis of other deuterostomes
showed that this effect was largely non-cell-autono- as suggested previously (Holland, 2000). The finding
mous and that nodal expressing had recruited neigh- that the Nodal signaling pathway which is critical for
boring cells into oral structures and influenced distant patterning along the dorsoventral axis of vertebrate em-
cells to adopt aboral fates. This property of a group of bryos specifies the oral-aboral axis in sea urchins rein-
cells to induce a cascade of cell interactions that can forces this idea. However, it should be kept in mind that
result in formation of an entire embryonic axis is reminis- the oral-aboral axis of the sea urchin embryo does not
cent of the property of the organizing centers of verte- align with the dorsal-ventral axis of the adult sea urchin,
brates. By analogy, we consider Nodal as an important and, therefore, the oral-aboral axis is not, strictly speak-
component of an oral organizing center in the sea urchin ing, homologous to the dorsal-ventral axis of vertebrates
(Davidson et al., 1998).embryo. The presence of a signaling center on the oral
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probes were synthesized with the T7 RNA polymerase after lineariza-Based on our results and previous studies, we would
tion of the plasmids by NotI. A control nodal sense probe was usedlike to propose the following model to explain specifica-
to verify the specificity of the hybridization (not shown). Control andtion of the oral-aboral axis: specification of the oral-
experimental embryos were developed for the same times in the
aboral axis relies on inductive interactions that involve same experiment.
at least three different signals and that rely on formation
of a signaling center in the presumptive oral ectoderm RNA Injection and Morpholino Injection
(Figure 7). First, between fertilization and sixth cleavage, For overexpression of nodal and antivin, the coding sequence of
an initial labile oral-aboral asymmetry combined with the corresponding cDNAs was amplified by PCR using the Pfu DNA
polymerase and inserted at the BamH1-EcoR1 sites (nodal) orsignaling from vegetal cells causes the restricted ex-
BamHI-XhoI sites (antivin) of pCS2 (Turner and Weintraub, 1994)pression of nodal and specification of the oral ectoderm.
to generate pCS2-nodal and pCS2 antivin. RNA encoding wild-typeActivation of the Nodal signaling pathway in the oral
Nodal and Antivin were mixed with fluorescein dextran at 5 mg/
ectoderm would in turn lead to the production of a sig- ml and injected in the concentration range 50–400g/ml. Capped
nal(s) that would diffuse outside the oral ectoderm and mRNAs were synthesized from templates linearized with Asp718 or
cooperate with signals from vegetal cells to specify ab- NotI using the SP6 mMessage mMachine kit (Ambion). After synthe-
sis, all the capped RNAs were purified on Sephadex G50 columnsoral fates and pattern the embryo along the oral-aboral
and quantitated by spectrophotometry. For each experiment, 200axis. A good candidate for an aboral-inducing signal is
embryos were injected, and the experiments were repeated two toBMP2/4, because it is expressed in the oral ectoderm,
three times. Morpholino antisense oligonucleotides were obtained
it is downstream of nodal, and it has been shown to from GeneTools LLC (Eugene, OR). The sequences of the morpho-
promote aboral fates. However, it is also possible that lino oligonucleotides directed against the 5 end of the nodal tran-
BMP2/4 acts locally and indirectly by inducing a yet scripts oligonucleotides are the following: MO-nodal1, 5-ACTTTG
CGACTTTAGCTAATGATGC-3; and MO-nodal2, 5-ATGAGAAGAGunidentified signal that would act as a long-range relay
TTGCTCCGATGGTTG-3. Both sequences are derived from theto induce aboral fates.
5UTR 162 bp (MO1) or 33 bp upstream of the ATG initiator. TheFuture analyses on the distribution and the mode of
sequence of the Morpholino against BMP2/4 is 5-GACCCAGTTT
action of Nodal and BMP2/4 will be required to resolve GAGGTGGTAACCAT-3.
this issue and to understand how these two signals The morpholinos oligonucleotides were dissolved in sterile water
produced by the same cells elicit different fates and and injected at the one-cell stage together with tetramethyl rhoda-
mine dextran (10.000 MW) or fluoresceinated dextran (10.000 MW)pattern the oral-aboral axis of the sea urchin embryo.
at 5 mg/ml. Approximately 2–4 pl of oligonucleotide solution at 0.5
mM was used in the experiments described here.
Experimental Procedures
As a negative control, we used a morpholino oligonucleotide di-
rected against the hatching enzyme transcript (Lepage and Gache,
Animals, Embryos, and Treatments
1990). Injection of this oligonucleotide did not perturb development.
Adult sea urchins (Paracentrotus lividus) were collected in the bay
of Villefranche. Embryos were cultured essentially as described by
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